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ABSTRACT 
A regional chemical transportmodelwas implemented to simulate the Respirable Suspended ParticulateMatter
(PM10)concentration inordertostudythe impactof long–rangetransportofairpollutantsovermegacityDelhiwith
dueconsiderationtodifferentgeographicaldomainsextendinguptoentireAsiaandcorrespondingemissions.PM10
concentrationlevelsovermegacityDelhiremainpersistentlyhigh,oftenexceedingtheambientairqualitystandards.
A chemical transport model namelyWeather Research and Forecasting (WRF) model Version 3.2 coupled with
chemistrymodule(WRF/Chem)wasutilizedwithnesteddomainsforthispurpose,subsequenttomodelevaluationfor
the period during June, 2010 that includes extremely high PM10 concentrations. A highly satisfactory model
performancewas interpretedbasedontheseveralstatisticalparametersasperthecurrentstateofthescienceand
their recommendedvalues.Basedonmodelsimulations representingdifferentgeographicaldomainsencompassing
Asia,India,NorthIndiaandDelhiandtheircorrespondingemissions,itwasclearlyreflectedthatcontributionsdueto
emissions of themegacity Delhi alone is 11%–41% and thus remaining (59%–89%) proportion is expected to be
contributedfromthesourcesoutsideoftheDelhiregionwhich issignificant.It isdemonstratedthattheWRF/Chem
modelperformswellforasub–tropicalurbanairshedthoughthereisscopeofimprovementfortheconsistentunder–
predictionwithmorerefinedemissioninventories.Nevertheless,thismodelcouldbeimplementedtoassessthelong–
range transport of pollutants so as to adequately address the influence of the remote sources outside the urban
airshed. This can serve as an important tool towards planning and implementing the regulatory policies for air
pollutioncontrolformoreeffectiveoutcomes.
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1.Introduction

Long–range transport (LRT) of pollutants can significantly
result in air–quality degradation (Kallos et al., 2007). Pollutants
emitted cross geopolitical boundaries or migrate across several
geographic zones, the pollution is designated as transboundary
even if the physical distance of the boundary from the emitting
pollutant source is quite short (DiGiovanni and Fellin, 2013). For
severaldecadesLRTofairpollutionhasbeenthetopicofscientific
research(PongkiatkulandOanh,2007).Particulatematter(PM) is
defined by size and measured as the mass concentration of
particleswithincertainsizeclassessuchas,RespirableParticulate
Matter (PM10) and Fine Particulate Matter (PM2.5). Among the
monitored pollutants, PM10 and PM2.5, show the highest
percentageofexceedance (Guptaetal.,2006;Oanhetal.,2006;
TsaiandChen,2006;Hopkeetal.,2008;HaiandOanh,2013).PM10
can be transported in the atmosphere for hundreds or even
thousandsof kilometers, implying thatpollutants emitted inone
country can affect PM10 concentrations in neighboring countries
and even countries far distant from the source (WHO, 2006).
Kerschbaumer and Lutz (2008) studied how 70% urban PM10
concentrations of Berlin were influenced by LRT from remote
source areas using the Aerosol Chemistry Transport Model.
Amodio et al. (2011) used an integrated approach to distinguish
local and long–range transport to PM10 concentrations at Apulia
Region. Intercontinental transportofAsianaerosols isconsidered
as an important issue for air quality and climate concerns
(Wuebblesetal.,2007).
DuetothefasteconomicdevelopmentinAsia,somecountries
generatehighlevelsofairpollution(PongkiatkulandOanh,2007).
Rapid urbanization and industrialization have resulted in highly
polluted Indian cities (Ghude et al., 2008;Mohan et. al., 2012;
Mohanetal.,2013).Consequently,megacityDelhiisrankedasone
ofthemostpollutedcitiesintheworld(MohanandKandya,2007;
Gurjaretal.,2008;IncecikandIm,2012)asfarasPM10pollutionis
concerned. According to air quality monitoring carried out by
Central Pollution Control Board (CPCB) the Capital’s particulate
pollution has increased steadily since 2005 despite the Delhi
governmentbuilding several flyovers to reduce traffic congestion
atimportantintersections.PM10pollutionhasbeenrisinginDelhi’s
neighbor since 2008, reaching 290 μg/m3over Ghaziabad as
comparedto261μg/m3overDelhi(HindustanTimes,2013).

Therearevarious factors thatcontribute toPM10 inambient
airbesidesanthropogenicemissionssuchasfrequentduststorms
that prevail in Delhi (Chelani and Devotta, 2005) and varying
meteorologicalconditionssuchaswinddirection,windspeedetc.
Both summerandwinter inDelhiare severewith Junebeing the
hottest month (NSR, 2010). According to Zannetti (1990),
dependingonthedistancefromtheemittingsource,fivetypesof
scalescanbedistinguishedas,near–fieldphenomena(<1kmfrom
source); short–range transport (<10 km from source); intermeͲ
diate–rangetransport(between10to100kmfromsource);long–
range transport (>100 km from source) and global effects. The
main objective of this study is to understand the impact of
differentgeographicaldomainsonPM10concentrationandthereby
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assess contributions due to long range transport over a highly
polluted subtropical urban airshed i.e.,megacity Delhi.Weather
Research and Forecasting (WRF) model coupled with chemistry
module (WRF/Chem) version 3.2 was implemented for this
purpose.

2.ModelDescription

WRF/Chem constitutes of a mesoscale non hydrostatic
meteorologicalmodelcoupledwithchemistrymodule.WRF/Chem
is an “online”model (Grell et al., 2005; Fast et al., 2006) that
predictsmeteorologicalandchemicalcomponentssimultaneously.
WRF/Chemversion3.2hasbeenselectedforthisstudyasbeinga
coupledweatherprediction/dispersionmodelitallowstosimulate
releaseandtransportofPM10.MeteorologicalmodelWRFversion
3.1hasbeenvalidatedalongwiththemodelsensitivityforvarious
physical schemes overDelhi region byMohan and Bhati (2011).
Theirstudyemployedvariousphysicalschemesandconcludedthat
acombinationofLinetal.(1983)microphysics;NoahLandSurface
Model (ChenandDudhia,2001); theYSUPBL scheme (Hongand
Lim,2006);Kain–Fritsch cumulusparameterization scheme (Kain,
2004) and Rapid Radiative Transfer Model (RRTM) long–wave
radiation scheme (Mlawer et al., 1997) performs best for Delhi
region.Accordingly,theseschemeswereusedinthepresentstudy
also. TheGoddard scheme (Chou and Suarez,1994)wasused to
compute atmospheric shortwave radiation since it is more
compatible with the chosen gas–phase chemical, aerosol
mechanismandthephotolysisscheme.TheRegionalAtmospheric
ChemistryMechanism (RACM) (Stockwelletal.1997)basedupon
the earlier Regional Acid DepositionModel, Version 2 (RADM2)
mechanism(Stockwelletal.,1990)wasselectedforpredictinggas–
phasechemistry.Therearethreedifferentgas–phasemechanisms,
one can choose from in theWRF/Chem model, namely RACM,
RADM2andCBMZ.Asensitivitystudybycarryingoutsimulations
for each of these mechanisms and their impact on simulated
concentrations in relation to observed concentrations were
analyzed.Consequenttothissensitivityanalysisthemodeloption
was chosen as RACM. The percentage error calculated for gas–
phase chemicalmechanismswere9.39% forRADM2mechanism,
15% forCBMZmechanismandabout5.4% forRACMmechanism.
HenceRACMmechanismwaschosenasthe%errorwasminimum
in thiscase.TheMadronichphotolysisscheme (Madronich,1987)
andMADE/SORGAM (Ackermann et al., 1998 and Schell et al.,
2001)aerosolmodulewereselectedforthisstudy.

3.ModelInputsandSimulationDetails

3.1.Modelinputs

Theland–usedatausedforinterpolatingtopographywasU.S.
GeologicalSurvey(USGS)24–categorydataofspatialresolutionof
30´´.TheterritoryofDelhiisstretchedoveranareaof1483km2,is
locatedbetweenthemountainrangesoftheGreatHimalayasand
Aravalis.Delhi liesaround200to300metersabovethesea level.
ThetopographyofDelhicanbedivided intothreedifferentparts,
the plains, the Yamuna flood plain, and the ridge. As per the
topography,DelhiislocatedonthewesternfringesoftheGangetic
Plains.TheothertopographicalfeatureistheRidge,whichreaches
theheightof 318m above sea level, and is thehighestpoint in
Delhi.Theridgeoriginatesinthesouthandsurroundsitswestern,
thenorthwesternandnortheasternpart.ItisapartoftheAravalli
Hills (Delhi, 2013). National Centre for Environmental Prediction
(NCEP) final analysis data (FNL) of resolution 1° was used as
meteorological input for initial and boundary conditions to the
model. The output has been retrieved and analyzed at every 60
minutesforthegivensimulationperiod.Anthropogenicemissions
obtainedfromEmissionDatabaseforGlobalAtmosphericResearch
(EDGAR) are annually averaged with spatial resolution of 0.1
degree.Theemissionsthatareinputinthemodelwereprocessed
byprep_chem_sourcesprogram(Freitasetal.,2011)developedat
CPTEC, Brazil. The program maps the global anthropogenic
emissionsdataobtained fromEDGAR toaWRF–forecastdomain.
To interpolate the emission fields to themodel grids,Mercator
projectionwasused.

3.2.Simulationdetails

Subtropicalclimateconditionscategorizesummersashotand
humid, andwinters as cold and dry.MegacityDelhi experiences
subtropical climatic conditions,wheremonthsofMay–Junemark
the summer season in Delhi where the maximum temperature
rangesfrom41–45°C.PM10episodesarelinkedtotypicalautumn–
winterepisodeduetostagnantmeteorologicalconditions(Mohan
andBhati,2011)buthighconcentrationsofPM10arealsorelated
tolong–rangetransportprocessthatusuallytakesplaceinsummer
(Artinano et al., 2003). The PM10 observations overDelhi during
theyear2010werescrutinizedfortheentireyearanditwasfound
thatsummermonthsespecially Juneshowed thehighestconcenͲ
tration values. Thereby, the simulationswere carriedout for the
period 1–7 June 2010 when high concentrations of about
1000ʅg/m3 were observed. In this study, influence of
geographicalregionsintermsofdomainsizeandasaconsequence
theemissionswasalsoexamined foranepisodewhenPM10 level
wasparticularlyhighasbyreducingthedomainsize,wehavealso
reducedtheemissionsandvice–versa.Thishasbeendescribed in
detail in the following sections. The simulations consisted of a
parent domain and three nested domains with resolutions of
90km,30km,10kmand3.3kmrespectively.Theparentdomain,
Domain1 includedAsiacovering506340km2.Themaximumsize
ofthedomain(Asia)ischosensuchthatanyfurtherincreaseinthe
domainsizedoesnot influencetheresults.Domain2consistedof
Indiacovering290460km2andDomain3consistedofNorthIndia
covering147340km2.Thethirdnesteddomain,Domain4included
Delhiregionandsurroundingscovering7016km2.Thesimulation
domainsandstationsselected inDelhiforvalidationareshown in
Figure1.ThemonitoringstationsselectedinDelhiareITOwhichis
atraffic junctionandDwarka,ShadipurandDilshadGardenwhich
are categorized as residential areas. The selection of stations is
basedontheavailabilityofPM10dataobtainedfromCPCB,which
is a statutory organization thatmonitors air quality over entire
India.

4.ResultsandDiscussions

Figure 2displaysdaily averaged time seriesof theobserved
and simulated PM10 concentrations obtained at 2 m height for
Delhiatmonitoring locations(A)Shadipur,(B)DilshadGarden,(C)
Dwarkaand(D)ITO.PM10wasnotsimulatedwellwhenthemodel
domainwasconfinedtoDelhiregiononly.However,anincreasein
PM10 concentration was observed when the simulated model
domainwas expanded progressively from Delhi region to North
IndiaandsoontowholeAsiaregion,thereby includingemissions
ofthelargerregionaswell.

It is appropriate to compare model predictions with the
observations using various statistical parameters as a confidence
buildingmeasuretowardsmodelapplications.Statisticsformodel
evaluation isscrutinized in the lightofpaperssuchasChangand
Hanna (2004),WMO (2008), Zhang et al. (2006) and Spak and
Holloway (2009). The statistical indices selected are normalized
meansquareerror(NMSE),indexofagreement(IOA),thefraction
of predictions within a factor of two of observations (FAC2),
fractionalbias(FB),meannormalizedgrosserror(MNGE),correlaͲ
tion coefficient (R) andmean normalized bias (MNB). These are
standardizedmeasures of the degree ofmodel prediction error.
The formulae of thementioned statistical parameters are given
below:

ܰܯܵܧ ൌ ሺ ܥ݋ െ ܥ݌ ሻଶതതതതതതതതതതതതതതതത ܥ݋തതതതܥ݌തതതതΤ (1)

ܨܤ ൌ ሺܥ݋തതതത െ ܥ݌തതതതሻ ͲǤͷሺܥ݋തതതത ൅ ܥ݌തതതതሻΤ  (2)

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
Figure1.SimulationdomainscoveringAsia,India,NorthIndiaandDelhiincludingmonitoringstationsforvalidation.

Figure2.DailyaveragedtimeseriesoftheobservedandsimulatedPM10 concentrationobtainedat2mheightforDelhiatmonitoringlocations
(A)Shadipur,(B)DilshadGarden,(C)Dwarkaand(D)ITO.


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
ܨܣܥʹ ൌ ݂ݎܽܿݐ݅݋݊݋݂݀ܽݐܽݐ݄ܽݐݏܽݐ݅ݏ݂ݕͲǤͷ
൑ ܥ݌ ܥ݋Τ ൑ ʹǤͲ (3)

ܫܱܣ ൌ ෍ሺܥ݌ െ ܥ݋ሻଶ ෍ሺȁܥ݌ െܥ݌തതതതȁ ൅ ȁܥ݋ െܥ݋തതതതȁሻଶൗ  (4)

ܯܰܩܧ ൌ  ሺܥ݌ െ ܥ݋ሻ ܥ݋Τതതതതതതതതതതതതതതതതതത (5)

ܴ ൌ  ሺܥ݋ െ ܥ݋തതതതሻሺܥ݌ െ ܥ݌തതതതሻതതതതതതതതതതതതതതതതതതതതതതതതതത ߪ஼௣ߪ஼௢ൗ  (6)

ܯܰܤ ൌሺܥ݌ െ ܥ݋ሻ ܥ݋Τതതതതതതതതതതതതതതതതതത (7)

whereCpisthemodelpredictions,Coistheobservations,andܥҧis
theaverageoverthedataset.

Table 1 shows the statistical evaluation of model for the
simulationofAsiaregionwhichisthemaximumdomainsizeofthe
model,asitwasevidentfromthetimeseriesplotthatconcentraͲ
tionresultingfromAsiaregiontakesintoaccountthecontribution
ofallthepossibleemissionsourcesincludingtheonescontributing
towards the long–range transport. The valueofNMSE calculated
forShadipuris0.11,0.28forDilshadGarden,0.03forDwarkaand
0.19for ITO.AccordingtoTewarietal.(2005)theacceptedvalue
of NMSE is <4. The FB indicates themeasure of over or under
estimationofsimulatedvalue.SpakandHolloway(2009)reported
that for an average performance by the model, FB for PM10
concentration is ±0.6, ±0.3 for good performance and ±0.15 for
excellentperformanceofmodel.AsobservedfromtheTable1,the
valueofFB fallsunderexcellentperformancecriteria forDwarka,
good performance for Shadipur and average performance for
DilshadGardenandITO.ThepositiveFBvaluesindicatethatthere
is under–prediction by the model. FAC2 is the most robust
measure, as it is not overly inŇuenced by outliers (Chang and
Hanna,2004).ThevalueofFAC2is0.72forDelhiatallmonitoring
locationsexceptforDilshadGardenwhereitiscomparativelyless.
TheacceptedvalueofFAC2 is>0.5(Tewarietal.,2005).The ideal
valueforIOAis1.AccordingtoZawar–Rezaetal.(2005)IOAshould
be ш0.5 for good model performance. The value of IOA for
Shadipuris0.92,0.9forDilshadGarden,0.98forDwarkaand0.94
for ITO. The value of MNGE ranges from 0.24 to 0.54. This is
reasonableconsideringtheZhangetal.(2006),studythatindicated
the value of MNGE for PM10 to be ч0.56. The correlation
coefficient, R, reflects the linear relationship between observed
and predicted concentrations. The value ofR for themonitoring
stations is observed to be between 0.9 and 0.98. This can be
considered reasonably good, as even Spak and Holloway (2009)
studyalsoreportedvalueofRforPM10>0.57.ThevalueofMNBfor
PM10 for Shadipur is –0.33, –0.54 for Dilshad Garden, –0.17 for
Dwarka and –0.38 for ITO. Overall these are reasonable
consideringstudybyZhangetal.(2006)thatreportedthevalueof
MNBforPM10between–0.38and0.35.Thenegativesign inMNB
indicatesthatthePM10concentrationsareunder–predicted.Based
on chosen statistical indicesand the referencevalueprovidedby
the reported studies themodelperformance isconsideredhighly
satisfactory.

Simulationswere performed for estimation of PM10 concenͲ
trationwhenonlyDelhiemissionswereincludedtounderstandthe
impact of local sources on PM10 concentration. The percentage
contributiontodailyaveragedPM10concentrationwasanalyzed.It
was observed thatwhen low concentrationswere simulated the
percentagedistributionduetoDelhiregionwas41.5%,34.7%due
toIndiaandNorthIndiaregionputtogetherandremaining23.8%
wascontributed fromoutside India.Whereas fordayswhenhigh
concentrations were simulated the contribution from Delhi
changed to 11.2%, 69.2% was due to India and North India
combined; and 19.6% PM10 concentration resulted from outside
India. Thus contribution due to Delhi region ranged from about
11% to 41% and the remaining approximately 59% to 89%was
estimated tobe fromoutside theurbanairsheddependingupon
the PM10 concentrations. However, contribution from sources
outside Indiawasassessedapproximately in the rangeof20% to
24%. It is interesting to note that % contribution due to Delhi
decreaseswhenhighconcentrationsareobservedandvice–versa
indicating that there is greater degree of long–range transport
fromoutsideDelhiregionandvice–versa.Performanceofmodelis
good but there is marked underestimation in the simulated
concentration which can be improved perhaps with better
emission inventories.Further, it isstatedthatovercomingunder–
prediction may change these contributions; however relative
percentage distributions may still be significant. Moreover, the
model evaluation discussed above indicate by and large a
reasonablemodelperformancesuchthatimprovingfurthermodel
performance may not drastically undermine the importance of
long–range transport from outside the urban airshed and its
usefulness to contribute towards planning and implementing air
pollutioncontrolstrategies.

5.Conclusions

x The influenceofgeographicaldomainonPM10basedonmodel
simulations revealed that thecontributionsdue to long range
transportoutsideIndiandomaincanbeashighas20%to24%.
ContributionduetoDelhirangedfrom11%to41%and34.7%
to69.2%wascontributedbyNorthIndiaandIndiatogether.It
canbe inferred that thehigh levelsofPM10 concentration is
notonlydueto localpollutionbut isalsohighly influencedby
remotesources.
x Model evaluation shows a highly satisfactory model performͲ
ance. As the under–estimation is consistentwe assume that
relative percentagemay still be significant on further refineͲ
mentofthemodelperformance.
x When themodel domain is confined only to Delhi region the
model performance is not good. This further emphasize that
regionaland long–range transport is significantly contributing
towardsassessmentofPM10concentrations.

Table1.ModelevaluationforPM10concentrationoverDelhi
StatisticalParameter Shadipur DilshadGarden Dwarka ITO
Reportedvaluesfromother
studies Reference
NMSE 0.11 0.28 0.03 0.19 <4 Tewarietal.(2005)
FB 0.32 0.57 0.14 0.41
±0.15forexcellent,±0.30for
goodand±0.60foraverage
performancebymodel
SpakandHolloway(2009)
FAC2 0.72 0.29 0.72 0.72 >0.5 Tewarietal.(2005)
IOA 0.92 0.9 0.98 0.94 ш0.5 ZawarͲRezaetal.(2005)
MNGE 0.33 0.54 0.24 0.38 ч0.56 Zhangetal.(2006)
MNB Ͳ0.33 Ͳ0.54 Ͳ0.17 Ͳ0.38 Ͳ0.38to+0.35 Zhangetal.(2006)
R 0.94 0.94 0.98 0.9 >0.57 SpakandHolloway(2009)

 
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
x InmegacityDelhi, particulatematter levels remain persistently
high. It is therefore recommended that regulatorymeasures
shouldduly incorporate regional and long–range transport in
policyformulations.

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